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Mo-va-on	
•  Solar	PV	genera-on,	baGery	storage,	and	
most	loads	are	na-vely	DC	
•  How	much	eﬃciency	savings	with	DC	building	
distribu-on?	
•  Par-cularly	relevant	for	Zero	Net	Energy	(ZNE)	
and	microgrid	buildings	
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Research	Goal	
•  Determine	how	much	eﬃciency	savings	with	
DC	distribu-on	
•  Modeled	buildings	for	study	
– Medium	sized	oﬃce	building	(50m	X	33	m,	3	ﬂoors)	
– Los	Angeles,	CA,	USA	
Image	of	PNNL	model	of	medium	oﬃce	building	
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Modelica	
•  Object	oriented	modeling	language	
•  Useful	for	complex	systems	that	span	electrical,	mechanical,	etc.	
domains	
•  GUI	provided	by	Dymola	or	Open	Modelica	
•  Popular	for	building	and	automo-ve	simula-ons	
Page	5	
A	Simula-on	Based	Comparison	of	AC	and	DC	Power	Distribu-on	Networks	in	Buildings		
Daniel	Gerber,	Vagelis	Vossos,	Wei	Feng,	Aditya	Khandekar,	Chris	Marnay,	Bruce	Nordman		
6/29/2017	
Oﬃce	Building	with	AC	Distribu-on	
1.  Maximum	Power	Point	
Tracking	(MPPT)	Inverter	
2.  BaGery	Inverter	
3.  Load	Packaged	Rec-ﬁer	
(all	loads	are	internally	DC)	
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Oﬃce	Building	with	DC	Distribu-on	
Direct-DC Loads
 380 V 
 ≈ 380 V  380 V 
 380 V 
High 
Voltage 
DC Loads
 380 V 
 380 V 
Low 
Voltage 
DC Loads
 48 V 
1
2
4
3
120/208 V
1.  DC	MPPT	converter	
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Load	Models	
•  All	loads	are	DC	or	have	internal	DC	stage	
•  AC	building:	loads	are	na-ve/internal	DC	
–  All	loads	require	load-packaged	rec-ﬁer	
•  DC	building:	loads	are	direct	DC	
–  Ligh-ng	requires	LED	driver	
–  HVAC	(VFD	motors)	and	plug	loads	assumed	to	be	
able	to	interface	directly	with	DC	distribu-on	lines	
•  Load	proﬁles	are	from	Energy	Plus	
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Converter	Models	
•  Converters	represent	the	most	signiﬁcant	power	loss	
•  Loss	is	based	on	eﬃciency	curves	obtained	from	manufacturer	product	data	
•  Power	quality	is	not	modeled	in	this	study	
DC	Product	 CEC	Eﬃciency	
Power	Op-mizer	 99.4%	
MPPT	Chg.	Controller	 98.5%	
DC-DC	Transformer	 97.6%	
Grid	Tie	Inverter	 96.6%	
DC	LED	Driver	 95.6%	
AC	Product	 CEC	Eﬃciency	
String	Inverter	 96.0%	
BaGery	Inverter	 92.1%	
Low	Power	Rec-ﬁer	 89.9%	
High	Power	Rec-ﬁer	 90.8%	
AC	LED	Driver	 90.2%	
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BaGery	Model	
•  Pexcess	=	Psolar	– Pload	
•  Charge	baGery	when	excess	Pexcess	>	0	
•  Discharge	baGery	when	Pexcess	<	0	
•  Algorithm	does	not	account	for	grid	tariﬀs	or	mul-stage	
charging	
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Wire	Model	
•  Model	resis-ve	losses	as	lumped	resistance	
•  Wire	gauge	from	expected	load	ampacity	
•  Wire	length	modeled	by	geometric	methods	
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Eﬃciency	Results	
•  Eﬃciency	for	annual	simula-on:	1	–	(Total	Loss	/	Total	Load)	
•  Eﬃciency	savings	with	DC	increases	with	solar	capacity	and	baGery	
capacity	
•  Baseline	parameter	values	
–  390	kW	solar	capacity	–	amount	required	for	ZNE	
–  1380	kW-h	baGery	capacity	–	50%	of	amount	required	to	store	all	
excess	solar	on	sunniest	day	
baseline	 baseline	
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Loss	Analysis	
•  AC	building	loss	dominated	by	load	packaged	rec0ﬁers	and	
baPery	inverter	
•  DC	building	loss	dominated	by	grid	0e	inverter	
•  Both	buildings	suﬀer	baPery	chemical	loss	
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Techno	Economic	Analysis	
TABLE II.   LCC AND PBP RESULTS FOR BASELINE SCENARIO 
Description Network Value 
Total Installed Cost ($) 
ACAC 252,098 
DCDC 301,155 
Net Annual Electricity Consumption 
(kWh/yr) 
ACAC 176,775 
DCDC 100,656 
Average LCC Savings  
($) ACDC vs. DCAC 61,487 
% Cases with Net Benefit - DC 
Network 
 
ACDC vs. DCAC >90% 
Average PBP - DC Network  
(Years) ACDC vs. DCAC 0.7 
 
TABLE I.   LCC AND PBP INPUTS 
Cost Input Description Value/ Units Source 
Annual 
electricity use 
Net annual grid-
imported electricity 
consumption for 
each system 
Depends on 
Simulated 
System 
Energy efficiency 
analysis 
Power system 
component 
costa 
Rectifiers, inverters, 
DC-DC Converters, 
etc.  
Average values 
±10%  
Online retailers 
Electricity 
Prices 
Average commercial 
sector electricity 
Prices 
0.114 $/kWh 
($2015) 
Energy 
Information 
Administration 
(EIA 2014) 
Electricity 
Price Trends 
Projected 
commercial 
electricity prices  
Average annual 
growth rate -
0.12% 
Annual Energy 
Outlook 2016 
(AEO2016) 
Systems 
Lifetime 
Average lifetime for 
power system 
components 
10 years (±5 
years uniform 
distribution) 
Based on power 
system component 
average lifetimes 
Discount Rate Consumer discount 
rate for office 
buildings 
6.04% (1.05% 
standard 
deviation normal 
distribution) 
Damodaran online 
http://pages.stern.n
yu.edu/~adamodar/  
a. Note: There are no market price data for the DC systems’ Grid-Tie Bidirectional Inverter. It was 
assumed that its price was 2X the price of a typical string inverter (used in the AC system), 
consistent with pricing for the battery inverter, which performs simi ar functions.  
 
installed cost for each grid is estimated by scaling a typical 
cost/kW for each power system component (based on market 
surveys) with the peak power through the component, based on 
the efficiency modeling. Table 2 shows the total installed cost 
and annual electricity consumption for each network, average 
LCC savings of DC vs. AC network, % of cases with positive 
LCC savings (from Monte Carlo simulation), and average PBP 
for the baseline scenario analyzed in the efficiency modeling.  
VII. CONCLUSION 
Parametric simulations are performed in Modelica on 
modeled AC and DC building distribution networks. The 
baseline parameter values coorespond to a ZNE building with a 
generous battery capacity and properly sized converters. This 
research found that the baseline efficiency savings of a medium 
office building with DC distribution is 11.0%. The best case 
scenarios yield savings of 17.3%. This study also confirms that 
DC distribution is best suited for buildings with a large solar 
capacity, a large battery bank, and a high voltage distribution 
backbone. 
The experimental results contain many scenarios that are 
not necessarily practical or representative of current designs, 
but are interesting and important from a visionary perspective. 
The solar capacity baseline is important because ZNE 
buildings will likely become prevalent in the next two decades 
[17]–[19]. The battery experiments are harder to justify since 
the introduction of storage incurs a great cost in both 
economics and efficiency. Nonetheless, as on-site renewable 
generation becomes prevalent, the grid export tariff may 
become significantly lower than that of grid import [41]. 
Eventually, on-site storage may be of great value to grid-
connected buildings everywhere. In addition, large battery 
capacity is crucial for islanding microgrid buildings.  
Regarding the economic evaluation, the results show that 
based on the approach followed here, DC distribution networks 
in commercial buildings can be cost-effective when PV 
generation and battery storage are included in the building. DC 
distribution is not economically justified in a building without 
storage.  This is due t  both the lower electricity savings and 
the relatively higher incremental cost for the DC network 
compared to AC. Further, the economic evaluation does not 
consider retrofit systems, which at current market conditions 
should incur high installation costs, especially if new wiring is 
wiring is required in the building. 
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Fig. 6. Loss breakdown and analysis. Solar capacity is 50% and 100% 
of the baseline. Battery capacity is 0%, 50%, and 100% of the baseline. 
Converters are categorized by function. Battery CC converters include 
battery inverters and DC-DC charge controllers. MPPT converters include 
string inverters and MPPT DC-DC modules. Load converters include any 
of the load-packaged rectifiers and DC-DC LED drivers. In all buildings, 
the solar panel wiring is categorized as high voltage. 
where ELoss,N is the annual loss energy of a specified 
component, and ELoad,N is the total annual load demand. 
In this analysis, the solar capacity and battery size are 
parametrically varied. The results lead to several immediately 
apparent observations. First, load-packaged rectifiers cause the 
most loss in the ACAC topology. Load-packaged rectifiers are 
not optimized for high power and are relatively inefficient. 
Second, the grid tie converter loss is very high in batteryless 
DCDC buildings with a large solar capacity. The fourth pair of 
bars in Fig. 6 shows that a batteryless ZNE building barely 
benefits from DC distribution. Finally, the use of a battery 
introduces a considerable amount of loss in both grids, 
particularly for the ZNE baseline solar capacity. The 
practicality of storage in a grid-connected system is debatable 
and generally varies by region. However, if a battery is to be 
introduced, it is important to note that DC-DC battery charge 
controllers greatly outperform AC battery inverters. 
VI. ECONOMIC EVALUATION 
To evaluate the cost effectiveness of DC distribution 
systems in commercial buildings, the economic performance of 
the baseline AC and DC networks is compared. The metrics 
used for this economic evaluation are the LCC and PBP, which 
are calculated according to the following equations: 
 !"" = !"#$% !"#$%&!"# !"#$ + !"#$%"&$ !"#$%&'() !"#$ (4)  
 !"! = !"#$%&&'( !"#$!" !"#$%& − !"#$%&&'( !"#$!" !"#$%&!"#$%&'() !"#$!" !"#$%& − !"#$%&'() !"#$!" !"#$%& (5)  
In equation (4), the total installed cost includes the capital 
installed cost of the power system components for each 
network, and the lifetime operating cost is the present value of 
the system’s operating cost, over its lifetime. In equation (5) 
the operating cost corresponds to the first year’s operating cost. 
The economic analysis considers the incremental cost 
differences between the two networks, which are assumed to 
be identical except for their power distribution systems and 
their DC-internal end-use loads.  Therefore, the estimated 
installed cost difference between the AC and DC network is 
due to their respective converters (inverters, rectifiers, DC-DC 
converters, appliance power supplies, etc.). The annual 
operating costs are estimated based on the systems’ annual 
electricity consumption, which is derived from the efficiency 
modeling and electricity prices. Inputs for the lifetime 
operating costs include consumer discount rates, electricity 
price trends for future years, and building and components 
lifetimes. It should be noted that the following parameters are 
not includ d in this economic evaluation: 
• Installation costs, system design, and other ‘soft costs’, 
primarily due to lack of sufficient data. Such costs are 
expected to be higher for the DC system, because of the 
nascent stage of the technology. 
• Potential non-energy benefits associated with the DC 
network, including higher reliability (due to fewer 
components at the appliance level), increased resiliency 
(due to their ability to be islanded from the grid), and 
better power quality (due to less converters compared to 
the AC network and greater isolation from the frequency 
and voltage disturbances on the AC grid).  
• The co t of e d-use loads in the DC netw rk vs. the AC 
network. Because all loads are assumed to be DC-internal 
in both networks, the difference between the end-uses in 
the DC vs. the AC network is an appliance rectifier that 
converts DC to AC within the loads. At scale, this 
difference is expected to favor the economics of the DC 
system.  
• Maintenance and repair costs for both networks. The need 
for fewer power system components, and simpler power 
electronics for appliances in the DC network would 
presumably lead to lower maintenance and repair costs, 
compared to the AC system.  
To account for variability and uncertainty in several of the 
inputs, the LCC and PBP are calculated using Monte Carlo 
simulation. For example, for converter data (power system 
components), average market costs were used, with a ±10% 
variability. Table 1 summarizes the assumptions used for each 
input in the LCC and PBP calculations, along with their 
variabilities, and sources.  
The annual electricity consumption for each grid is the 
annual net power imported from the grid. Also, the total 
Thank	you!	
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